We present the first Fermi Large Area Telescope (LAT) low energy catalog (1FLE) of sources detected in the energy range 30 -100 MeV. The imaging Compton telescope (COMPTEL) onboard NASA's Compton Gamma-Ray Observatory detected sources below 30 MeV, while catalogs of point sources released by the Fermi-LAT and EGRET collaborations use energies above 100 MeV. Because the Fermi LAT detects gamma rays with energies as low as 20 MeV, we create a list of sources detected in the energy range between 30 and 100 MeV, which closes a gap of point source analysis between the COMPTEL catalog and the Fermi-LAT catalogs. One of the main challenges in the analysis of point sources is the construction of the background diffuse emission model. In our analysis, we use a background-independent method to search for point-like sources based on a wavelet transform implemented in the PGWave code. The 1FLE contains 198 sources detected above 3 σ significance with eight years and nine months of the Fermi-LAT data. For 187 sources in the 1FLE catalog we have found an association in the Fermi-LAT 3FGL catalog: 148 are extragalactic, 22 are Galactic, and 17 are unclassified in the 3FGL. The ratio of the number of flat spectrum radio quasars (FSRQ) to BL Lacertae (BL Lacs) in 1FLE is three to one, which can be compared with an approximately 1 to 1 ratio for the 3FGL or a one to six ratio for 3FHL. The higher ratio of the FSRQs in the 1FLE is expected due to generally softer spectra of FSRQs relative to BL Lacs. Most BL Lacs in 1FLE are of low-synchrotron peaked blazar type (18 out of 31), which have softer spectra and higher redshifts than BL Lacs on average. Correspondingly, we find that the average redshift of the BL Lacs in 1FLE is higher than in 3FGL or 3FHL. There are 11 sources that do not have associations in the 3FGL.
Introduction
The Large Area Telescope (LAT, Atwood et al. 2009 ) on board the Fermi Gamma-ray Space Telescope has revolutionized our knowledge of the highenergy sky. The LAT detects gamma-rays in the e-mail: giacomo.principe@fau.de energy range from 20 MeV to more than 300 GeV, measuring their arrival times, energies, and direc- ysis focused on energies larger than 100 MeV. In particular, the Third Fermi -LAT catalog (3FGL, Acero et al. 2015) characterizes 3033 sources in the energy range between 100 MeV and 300 GeV from the first four years of LAT data. Since the sensitivity of the instrument peaks at about 1 GeV, the 3FGL favors sources that are brightest around these energies. At energies below 100 MeV the analysis of point sources is complicated due to large uncertainties in the arrival directions of the gamma rays, which leads to confusion among point sources, difficulties in separating point sources from diffuse emission, and high contamination from the Earth limb. In this paper, we have used a backgroundindependent analysis of point sources based on a wavelet transform of the gamma-ray data, which filters out the large-scale diffuse emission and the Earth limb contamination.
The EGRET telescope (Hartman et al. 1992) , which is a preceding gamma-ray experiment, measured gamma-rays from 20 MeV to 30 GeV. However, the catalogs released by the EGRET collaboration only used data above 100 MeV (e.g., Hartman et al. 1999) . At lower energies, COMPTEL analyzed the gamma-ray sky between 0.75 and 30
MeV (Schönfelder et al. 2000) . Therefore, the energy range from 30 MeV to 100 MeV was not covered by any of the previous gamma-ray point source (PS) catalog analyses.
In this paper, we present the first catalog of sources detected from 30 MeV to 100 MeV by the Fermi LAT. The first Fermi Low Energy catalog (1FLE) is constructed using 8.7 years of LAT data taking full advantage of the improvements provided by the Pass 8 data selection and event-level analysis (Atwood et al. 2013) , in particular the large increase of acceptance at low energy (>70% below 100 MeV) and the point-spread-function (PSF) event type classification 1 . Special attention is given to the different PSF event type selections, in particular to the data cuts used to maximize the detection rate in the 1FLE.
In this analysis we use the wavelet transform method implemented in the PGWave tool (Dami-1 A measure of the quality of the direction reconstruction is used to assign events to four quartiles ani et al. 1997) . PGWave is already used in the Fermi -LAT catalog pipeline as one of the methods to find PS candidates (so-called seeds). In the standard catalog pipeline (e.g., for the 3FGL), the PS candidates are further evaluated with a likelihood analysis to refine the positions of the sources and to determine the fluxes. In contrast, in this paper, we have used the wavelet transform both to detect the sources and to estimate their fluxes (see, e.g., Principe & Malyshev 2016 , for a discussion of the flux determination with the wavelet transformation).
The paper is structured as follows: in Section 2 we describe the Fermi -LAT data used in the analysis. A description of the analysis, in particular of the reconstruction of PS position and flux with the PGWave tool, is provided in Section 3. In Section 4
we present the 1FLE catalog and compare it with 3FGL and COMPTEL catalogs. Section 5 contains the conclusions.
Data selection
We used eight years and nine months of the -100 MeV and 100 -300 MeV when we refer to the energy bins in the following. In order to reduce contamination from cosmic-ray interactions in the Earth atmosphere, we select events with an angle θ < 90
• with respect to the local zenith.
Gamma rays in Pass 8 data can be separated into 4 PSF event types: 0, 1, 2, 3, where PSF0 has the largest point spread function and PSF3 has the best. We tested the performance of the PS detection algorithm for different PSF event types (see Appendix A.3). We considered the following combinations of PSF event types:
-all PSF event types combined together; -PSF1, PSF2 and PSF3 event types; -PSF2 and PSF3 event types;
-only PSF3 event type.
We find that using only PSF3 event type gives the highest detection efficiency and the smallest false positive rate (see Appendix A.2). Consequently, we used the PSF3 event type in our analysis. Figure 1 shows the counts map for the first eight years and nine months of the Fermi -LAT data between 30 and 100 MeV with PSF3 event type.
Point source analysis
In this section we have used simulated gamma-ray maps to optimize the parameters in our PS detection algorithm and to determine the localization and flux reconstruction uncertainties.
Source detection
A common problem for the analysis of point sources in the Fermi -LAT data is to determine an accurate • and giving a preference to the projection in which the source is closest to the equator.
In order to avoid contamination due to the diffuse emission, we repeated the previous steps of the analysis also for simulated maps of the Galactic and extra-galactic diffuse emission only. In our list we eliminated the seeds that match those in the purely diffuse maps. Thus, a diffuse emission model (see We also used MC simulations to find the optimal wavelet transform radii, which give a high detection if a source is found in both the analyses, we used the position and the WT peak of the 1 • .8 wavelet scale analysis since it is more sensitive to faint sources. 
Detection efficiency

Localization
The position of each source was first determined In order to determine the statistical uncertainty, we estimated for each PS (k) the 1D dispersion of the reconstructed PS positions relative to the average position (in 2D) of the source in the MC realizations:
where n = 10 is the number of MC realizations, X P GWi and X P GWmean are the coordinates of the reconstructed position in the i-realization and of the average reconstructed position over all the realizations. Then we averaged the dispersion among all the detected sources in five flux bins:
where N is the number of sources in a flux bin.
For the systematic uncertainty, we measured the deviation between the averaged position of ten realizations and the input position of the PS:
where X in is the input position of the reconstructed source. Figure 3 shows the statistical and systematic uncertainty in the localization. The total error in the localization is dominated by the system- between the two models in the reconstructed flux is less than 5%, which is much smaller than our systematic uncertainties (see below). As a result, we used the simpler model with α = 1. The power law factor f is equal to 3.54 × 10 13 , for the energy range between 30 and 100 MeV, and equal to 7.18 × 10 13 , for the energy range between 100 and 300 MeV. We made use of the results of the best fit for estimating the flux from the WT peak values. 
Association of point sources
The algorithm of PS association is based on positional coincidence with a tolerance radius of 1 • .5, which is smaller than the angular resolution of PSF3 event type at 100 MeV (3
, and on a flux ordering. The tolerance radius was chosen as the distance at which 98% of the reconstructed sources find the correct associated input sources (see Appendix A.5). The flux ordering algorithm associates seeds with a large WT peak value to bright MC input sources (or bright PS in a catalog when compared, e.g., to the 3FGL Fermi -LAT catalog or the catalog of COMPTEL sources below), this allows a better association in cases when more than one source is present inside the tolerance radius.
The 1FLE Catalog
In this section, we present the results of our point source analysis using 8.7 years of Fermi -LAT data between 30 -100 MeV. We applied the analysis described in Section 3.1.1 to the data. We also compare the 1FLE catalog with the Fermi -LAT 3FGL catalog derived above 100 MeV (Acero et al. 2015) and with the COMPTEL catalog of sources at energies between 1 and 30 MeV (Schönfelder et al. 2000) .
General characteristic of 1FLE sources
The 1FLE catalog includes 198 sources detected over the whole sky (for a source detection we require a statistical confidence of more than 3σ) that are not associated with significant seeds in the PGWave transform of the purely diffuse model map.
With the optimized parameters for the analysis (see Appendix A.4) the expected number of spurious sources is about five. The list of sources contained in the 1FLE is available only in electronic format (FITS format) as supplementary material.
The columns are described in Table 1 . 
Comparison with 3FGL
In this section, we compare the 1FLE sources with the 3FGL catalog sources (Acero et al. 2015 ). The Table 2 . Source classes of the 1FLE sources determined using the 3FGL associations.
the 1FLE sources can be found in Tables 2 and 3 and in Figure 7 .
For 94% of the sources contained in the 1FLE
we have found an association in the 3FGL catalog using our algorithm for the association with a tolerance radius of 1 • .5 (for the association method see GeV, see Figure 14 ). We have also compared the 
1FLE sources not associated to the 3FGL
Comparison of 1FLE fluxes with 3FGL
There are several sources in the 1FLE catalog whose fluxes in the 30 -100 MeV and 100 -300 MeV bands differ significantly from the fluxes of the associated 3FGL sources. Several of these sources are associated with AGNs, which had flares either during the 3FGL observation time or after the 3FGL observation time (see Table 5 and e.g., Figure 13 ).
For these sources, we get flux estimates closer to the fluxes given in FL8Y. 
Conclusions
We have analyzed the first 8.7 years of Fermi -LAT Pass 8 data and derived, for the first time, a cat- Table 5 . 1FLE sources with a flare during the 3FGL observation time (flare in 3FGL) or after the 3FGL observation time (flare after 3FGL).
alog of sources in the energy range 30 -100 MeV.
The 1FLE catalog, described in this paper, contains MeV and increase the number of sources detected at MeV energies. In Figure 14 , we compare the sensitivity of the 1FLE catalog to the PS sensitivities of various gamma-ray experiments. At energies below 100 MeV, both AMEGO and e-ASTROGAM are expected to have a sensitivity which is more than two times better than that of Fermi -LAT.
These new instruments are able to widely extend our knowledge of the MeV sky. Sensitivity (MeV cm
Fig. 14. Comparison of the PS sensitivity of the 1FLE catalog and the differential sensitivities of different gamma-ray instruments. The COMPTEL (magenta line) and EGRET (cyan line) sensitivities are given for the typical observation time accumulated during the nine years of the CGRO mission. The Fermi-LAT sensitivity (green line) is for a high Galactic latitude source in ten years of observation in survey mode. The blue line represents the simulated continuum sensitivity (3σ, 3 years) for AMEGO. In red, the 1FLE total sensitivity (see also Figure 2 ), while the black represents the 1FLE statistical sensitivity determined as the flux corresponding to the 5σ significance of PGWave ( Figure  A.9 ).
ACKNOWLEDGMENTS
The In order to find the optimal combination of PSF event types, we compare the detection efficiencies and false positive rates for the following selections:
-all PSF event types combined together;
-PSF1, PSF2, and PSF3 event types;
-PSF2 and PSF3 event types;
We use the same analysis pipeline that is described in Section 3.1.1. One of the most important parameters is the wavelet transform scale. The parameters that we optimize are reported in Table A .2. The threshold was set at 3 σ. We perform the analysis separately for both energy bins: 30 -100 MeV and 100 -300 MeV.
We study the behavior of detection rate and false positive rate varying the wavelet transform scale, the minimum number of connected pixels to define a peak and the minimum distance between the sources. We vary also the merging radius, that is the tolerance radius for merging the seeds from different ROIs (see analysis description). In green: with a continues line, is shown the 5 sigma significance used for estimating the statistical sensitivity, instead with a dashed line is shown the 3 sigma significance threshold applied for the point source detection.
